ADDITIONAL INDEX WORDS. branch architecture, growth retardant, hand pruning, plant growth regulator, plant quality SUMMARY. Pruning is commonly performed during production of nursery crops to produce symmetrical, compact plants that are pleasing to the consumer's eye. To achieve the desired results, nursery growers hand prune or apply plant growth regulators (PGRs). However, hand pruning is expensive and is not always effective, and efficacy of PGRs can depend on cultural practices, environmental conditions, irrigation, cultivar, and rate. Therefore, the objective of these experiments was to evaluate the effect of dikegulac sodium applied to pruned or unpruned 'Limelight' hardy hydrangea (Hydrangea paniculata). Plants were grown at two locations, Tennessee (TN) and Mississippi (MS). The pruned treatment consisted of hand pruning, leaving three nodes followed by applications of dikegulac sodium (400, 800, or 1600 ppm). Applications of dikegulac sodium to pruned or unpruned plants were made the same day using a carbon dioxide backpack sprayer. There were two additional control treatments: hand-pruned untreated (hand-pruned) and unpruned untreated (untreated). Plants were grown outdoors under full sun in TN and under 40% shade in MS. Data were collected at the close of the experiment on the number of branches over 1 inch, final growth index (FGI), floral attributes, branch symmetry, and phytotoxicity. At both locations, pruned and unpruned plants treated with 800 or 1600 ppm dikegulac sodium had more branches than the hand-pruned and unpruned plants. Flower number and size tended to be greater for unpruned plants than pruned plants. Phytotoxicity was observed at 2 and 6 weeks after treatment (WAT). For plants grown in TN, symptoms were more pronounced on plants following treatment with 800 (pruned plants) and 1600 ppm (pruned and unpruned) dikegulac sodium compared with the untreated plants. There were no visible phytotoxicity symptoms at 6 WAT for plants grown in MS, regardless of treatment.
, there are only five species [florist hydrangea (H. macrophylla), hardy hydrangea (H. paniculata), smooth hydrangea (H. arborescens), oakleaf hydrangea (H. quercifolia), climbing hydrangea (H. anomala ssp. petiolaris)] generally available in the United States. The popularity of hydrangeas among consumers can be linked to the large, showy inflorescences, remontant blooming of some selections, and range of bloom colors, including blue.
Pruning is a common practice in nursery production to improve overall shape and reduce plant size, encourage branching, and influence flower development, all of which have been reported by retail consumers as important characteristics of plant quality (Glasgow, 1999) . However, hand pinching or pruning does not always yield optimal branching (Hester et al., 2013; Starman, 1991) . Starman (1991) reported fewer primary branches on manually pinched 'Aurore', 'Celerio', 'Eurema', 'Isopa', 'Marumba', 'Morio', 'Patula', 'Phoebis', 'Selenia', and 'Sesia' impatiens (Impatiens hybrids) compared with no pinching. Hand pinching also affects reproductive development. For instance, manually pruned Little Limeä hardy hydrangea had reduced flower number compared with unpruned plants (Cochran and Fulcher, 2013) . Still, growers continue to rely on hand pinching or pruning to control growth or modify plant architecture during production.
Hand pinching is not only inefficient, but it can be labor intensive and represents a significant cost of production (Holland et al., 2007) . Therefore, the use of PGRs to control height, promote symmetrical branching, and/or increase flower production could be a better alternative to manual pruning. PGRs have proven to be effective in improving compactness (Hammond et al., 2007) , increasing branch number (Holland et al., 2007) , and increasing flower number (Abdelgadir et al., 2010) . However, since the introduction of chemical pinching agents in the 1960s (Cathey et al., 1966) , there has been an ongoing lack of consistency across plant species. Cohen (1978) reported 4400 ppm dikegulac sodium increased mean number of shoots of 'Formosa' indica azalea (Rhododendron indicum) compared with manually pinching yet there was no difference in shoot number of 'Hexe' indica azalea (Rhododendron indicum) 10 WAT. Auer et al. (1992) concluded that two petunia hybrid (Petunia ·hybrida) lines differed in absorption of benzyladenine by leaf explants. Bailey and Clark (1992) Floral data included flower number, flower length (length from apex to basal end of panicle), then flower width (measured at basal end of panicle) to determine flower index. Flower index was determined using the formula for total surface area of a cone {(p · half-width 2 ) + [(p · half-width) · O(half-width 2 + height 2 )]}, using flower length and flower half-width (half-width = 0.5 · flower width) to account for the overall shape of the flower (panicle). Additionally, branch symmetry, a measure of plant quality, was assessed by determining overall plant architecture (plant size, density, and branch symmetry) and whether the substrate surface was covered by the foliage or exposed. This quality rating was determined at the end of the experiment with a 1 to 7 scale, where 1 = significantly worse than untreated, 2 = moderately worse than untreated, 3 = slightly worse than untreated, 4 = no difference from untreated, 5 = slightly better than untreated, 6 = moderately better than untreated, 7 = significantly better than untreated. Plants were evaluated at 2 and 6 WAT for phytotoxicity symptoms on a 0 to 10 visual scale; 0 representing no injury and 10 representing complete kill.
EXPERIMENTAL DESIGN AND ANALYSIS. Experiments were conducted using a completely randomized design with 16 (TN) and 12 (MS) single pot replications. Data were analyzed using linear models with the GLIMMIX procedure of SAS (version 9.2; SAS Institute, Cary, NC). Treatment differences for branch number, FGI, and floral attributes were determined using the LSMEANS statement according to the Tukey-Kramer method, a = 0.05. Square root transformations were applied to branch number and phytotoxicity data for a more normal distribution and untransformed data are reported. Branch symmetry was assessed by comparing plants with the untreated controls; therefore, Dunnett's multiple comparison procedure was used to analyze branch symmetry, a = 0.05.
Results
Experiments were conducted in USDA hardiness zones: 7a (TN) and 8a (MS) (USDA, 2012 At both locations, hand-pruned and untreated plants had fewer branches than plants treated with dikegulac sodium at 800 or 1600 ppm (pruned or unpruned plants) (Table 1) . For example, hand-pruned and untreated plants grown in TN had 24.7 (45%) and 21.5 (39%) fewer branches than pruned plants treated with 800 ppm dikegulac sodium and 15.7 (34%) and 12.5 (27%) fewer branches than unpruned plants treated with 800 ppm dikegulac sodium. Hand-pruned and untreated plants grown in MS had 88.7 (74%) and 96.9 (81%) fewer branches than pruned plants treated with 800 dikegulac sodium and 74.9 (71%) and 83.1 (79%) fewer branches than unpruned plants treated with 800 dikegulac sodium. At both locations, FGI was similar among all treatments.
Branch symmetry was affected by pruning and rate of dikegulac sodium. Plants grown in TN treated with 400 ppm dikegulac sodium applied to pruned plants were rated as having moderately better [6.4 (P = 0.0007)] branch symmetry than untreated plants (4.0) (Fig. 2) ; whereas, branch symmetry for unpruned plants treated with 400 ppm dikegulac sodium was not different [4.6 (P = 0.8896)] from the untreated plants (4.0). Moreover, pruned plants treated with 800 ppm dikegulac sodium were rated as having significantly better [6.9 (P = 0.0001)] branch symmetry to the untreated plants compared with a moderately better [6.2 (P = 0.0015)] branch symmetry rating when dikegulac sodium (800 ppm) was applied to unpruned plants. Plants treated with 1600 ppm dikegulac sodium (pruned or unpruned) were rated as having significantly better [7.0 (P = 0.0001)] branch symmetry than the untreated plants. Regardless of branching treatment, plants grown in MS had a greater branch symmetry rating than the untreated plants. Hand-pruned plants were rated as having slightly better [4.5 (P = 0.0041)] branch symmetry than the untreated. This was similar to applying the lower rate of dikegulac sodium (400 ppm) to unpruned plants, which resulted in a slightly better [4.5 (P = 0.0041)] branch symmetry rating compared with the untreated. Whereas, 800 and 1600 ppm dikegulac sodium applied to pruned and unpruned plants resulted in a significantly better [7.0 (P = 0.0001); 7.0 (P = 0.0001); 6.8 (P = 0.0001); 7.0 (P = 0.0001), respectively] branch symmetry rating compared with the untreated.
Hand-pruned plants tended to have fewer flowers than unpruned plants (Table 2 ). For example, in TN, pruned plants treated with 400 ppm dikegulac sodium had 3.1 (89%) fewer flowers than unpruned plants treated with 400 ppm dikegulac sodium. Applying 800 or 1600 ppm dikegulac sodium to pruned plants resulted in no flowers. Flowers were shorter in all branching treatments compared with untreated plants, with the exception of flowers on the unpruned plants treated with 400 ppm dikegulac sodium, in TN. Additionally, flower length tended to decrease as rate of dikegulac sodium increased. For example, flowers of unpruned plants in TN treated with 400 ppm dikegulac sodium were 6.0 cm (105%) and 8.8 cm (303%) longer than flowers on unpruned plants treated with 800 and 1600 ppm dikegulac sodium. Similarly, flowers on untreated plants and unpruned plants treated with 400 ppm dikegulac sodium were greater in width and overall size (flower index) compared with flowers in all other treatments (TN). In MS, hand-pruned, pruned plus treatment with dikegulac sodium (400, 800, and 1600 ppm), and untreated plants had fewer flowers than unpruned plants treated with 800 and 1600 ppm dikegulac sodium. Flowers were shorter on pruned and unpruned plants treated with 800 and 1600 ppm compared with untreated and unpruned plants treated with 400 ppm in MS. Flower length of unpruned plants treated with 400 ppm dikegulac sodium were 10.1 cm (66%) and 9.3 cm (58%) longer than flowers on unpruned plants treated with 800 and 1600 ppm dikegulac sodium in MS. Untreated and unpruned plants treated with 400 ppm had greater flower width than unpruned and pruned plants treated with 800 and 1600 ppm dikegulac sodium. Floral indices were greater for untreated and unpruned plants treated with 400 ppm compared with all other treatments, with the exception of hand-pruned plants. Additionally, hand-pruned plants had greater floral indices than pruned plants treated with 800 and 1600 ppm dikegulac sodium.
All applications of dikegulac sodium exhibited phytotoxicity compared with the hand-pruned and untreated plants at 2 WAT (TN and MS) ( Table 3) . Symptoms were more pronounced on new growth with complete bleaching of the first, second, and sometimes third distal sets of leaves, and interveinal chlorosis on the following one to two sets of leaves in TN. At 6 WAT, phytotoxicity ratings were higher for the pruned (1600 ppm dikegulac sodium) and unpruned (800 and 1600 ppm dikegulac sodium) plants compared with untreated plants in TN. There was no phytotoxicity at 6 WAT for plants in MS.
Discussion
At both locations, dikegulac sodium (800 and 1600 ppm) consistently improved branching compared with the hand-pruned and untreated plants. Branching did not increase when rate increased from 800 to 1600 ppm; therefore, there was no advantage to applying 1600 ppm. Average branch number of the handpruned plants was relatively similar at the two locations, 30.4 (TN) and 30.5 (MS), and there was only an 11.3 difference in average branch number for the untreated controls between the two locations. Although the control treatments (hand-pruned and untreated) had similar branch number, the magnitude of response to PGR treatment differed between the two locations.
In TN, application of 800 ppm dikegulac sodium to unpruned plants had 15.7 (52%) and 12.5 (37%) more branches than hand-pruned and untreated controls; whereas, in MS application of 800 ppm dikegulac sodium to unpruned plants had 74.9 (246%) and 83.1 (373%) more branches than for all treatments at a rate of 400, 800, or 1600 ppm (mgÁL L1 ). There were two additional control treatments; a hand-pruned (HP) leaving three nodes and a watered unpruned (UT), applied the same day as the plant growth regulator (PGR) application. Visually rated on a 1-7 scale: 1 = significantly worse than untreated, 2 = moderately worse than untreated, 3 = slightly worse than untreated, 4 = no difference from untreated, 5 = slightly better than untreated, 6 = moderately better than untreated, 7 = significantly better than untreated. NS, **, ***, nonsignificant or significant based on Dunnett's multiple comparison test, P £ 0.01 or 0.001 (TN; n = 128) and DD, DDD, significant based on Dunnett's multiple comparison test, P £ 0.01 or 0.001 (MS; n = 96).
hand-pruned and untreated controls. These results from MS were similar to previous findings by Hester et al. (2013) ; they reported 74.4 (279%) and 76.7 (287%) more branches for 'Limelight' hydrangea grown under full sun during the 2011 growing season following application of dikegulac sodium (800 and 1600 ppm) to unpruned plants compared with the pinched control. Similarities between the two experiments were average temperatures; in 2011 average temperatures for TN were 29.7/17.2°C (day/night), which were similar to Branching treatment: dikegulac sodium was applied to either pruned (hand-pruned, leaving three nodes) or unpruned plants. (Whipker, 2013) ; however, our results do not fully support this. Although our objective was not to test the effects of temperature and light, our data indicate that high temperatures did not decrease the efficacy of dikegulac sodium applied to 'Limelight' because plants in MS were exposed to higher temperatures and had a greater branching response following treatment. However, plants at two locations were grown under different light levels (TN = full sun; MS = 40% shade) and Dasoju et al. (1998) ]. Even though, Dasoju et al. (1998) reported that summer temperatures exceeded the upper set point on some occasions, light was a contributing factor; therefore, we cannot rule out light as a potential contributing factor for the difference in the magnitude of branching response reported for the two locations.
For decades, surveys have indicated consumers prefer to buy quality plants (Padgett, 1961) . However, ''quality'' is a subjective term and perception of quality based on attributes has varied in most consumer preference studies: size of plant (chosen from pictures) (Padgett 1961) ; healthy plants (deemed by color, roots, and shape) (Day, 1994) ; a healthy, bushy plant (Townsley-Brascamp and Marr, 1995) ; foliage on lower branches, healthiness, full, dense foliage, and symmetry (Glasgow et al., 1998) ; and evidence of new growth and absence of discolored or damaged foliage (Brand and Leonard, 2001) . In our study, we used branch symmetry as a measure of plant quality (plant size, density, and branch symmetry). Pruning by hand or using a chemical pinching agent releases apical dominance, promoting lateral growth. This was evident in our study with improved branch symmetry following all treatments compared with untreated plants at both locations, with the exception of the hand-pruned and low rate of dikegulac sodium (400 ppm) applied to unpruned plants grown in TN. In TN, the lack of improved branch symmetry with no increase in branch number following hand pruning or the low rate of dikegulac sodium (400 ppm) to unpruned plants suggests 400 ppm was an inadequate rate to release apical dominance in plants grown in full sun. Moreover, hand-pruned plants and unpruned plants treated with 400 ppm dikegulac sodium grown in MS had only 13% (P = 0.01) improved branch symmetry over the untreated plants compared with at least 35% (P = 0.001) greater symmetry in all other treatments, respectively. With the modest improvement in branch symmetry coupled with low branch number among the hand-pruned control plants, the 400 ppm rate for pruned plants and the 400 ppm rate for unpruned plants suggest the lower rates were not as effective as the higher rates. Higher rates of dikegulac sodium appeared to initiate axillary budbreak by releasing apical dominance and promoting more lateral growth. Hand pruning alone was not a highly effective treatment for increasing quality or branch number.
Pruned plants treated with dikegulac sodium tended to have fewer flowers than unpruned plants treated with dikegulac sodium. Moreover, 800 or 1600 ppm dikegulac sodium applied to unpruned plants grown in MS resulted in more flowers than untreated plants, but flowers were considerably smaller than those on untreated plants. These results were similar to previous reports by Cochran and Fulcher (2013) indicating unpruned Little Limeä hardy hydrangea had smaller flowers following 1600 ppm dikegulac sodium compared with untreated plants. Additionally, floral indices of untreated and unpruned plants treated with 400 ppm were greater than these of hand-pruned and dikegulac sodium (pruned and unpruned) treated plants at both locations, with the exception of handpruned plants grown in MS. In a recent survey, retail consumers preferred numerous smaller hardy hydrangea flowers to fewer but larger flowers (A. Fulcher, unpublished data).
Symptoms of phytotoxicity are known to be an issue with dikegulac sodium application (Banko and Stefani, 1996) . This was evident in our study with chlorotic new growth on PGRtreated plants at 2 (TN and MS) and 6 (TN) WAT, which was similar to previous reports by Sansberro et al. (2006) . They indicated chlorosis on new growth following application of dikegulac sodium to yerba mate (Ilex paraguariensis). By 6 WAT there was no visible phytotoxicity on plants in MS and by the end of the experiment at 18 WAT (a typical production period for 3-gal hardy hydrangea), no phytotoxicity was detected on plants in TN.
While our results were similar between the two locations, plants grown in TN had fewer branches and flowers develop compared with plants in MS, which tended to have magnified results in terms of greater branching, floral attributes, and reduced phytotoxicity, possibly due to shading. Hester et al. (2013) reported 'Merritt Supreme' and 'Nikko Blue' florist hydrangea and 'Limelight' hardy hydrangea varied in their responses to PGRs and location. For example, 'Merritt Supreme' treated with benzyladenine (600 ppm) grown in MS and North Carolina had similar branch number to the pinched controls; whereas, in California, plants had more branches compared with the pinched controls. Furthermore, 'Nikko Blue' grown in Georgia treated with dikegulac sodium (800 or 1600 ppm), benzyladenine (300 or 600 ppm), and ethephon (500 or 1000 ppm) had similar branching to the pinched control; whereas, 'Nikko Blue' grown in Alabama treated with dikegulac sodium (800 or 1600 ppm), benzyladenine (300 or 600 ppm), and ethephon (500 and 1000 ppm) had fewer branches than the pinched control. Moreover, 'Merritt Supreme' and 'Limelight' treated with dikegulac sodium (800 ppm) had more branches than the pinched controls, regardless of location; whereas, 'Nikko Blue' had similar (Georgia) or fewer branches (Alabama) following application. Our data and the aforementioned data are in line with previous reports that species, environmental conditions, plant stress, substrates, irrigation regimes, and cultural practices can affect PGR efficacy (Bailey and Clark, 1992; Currey and 
